One of the inherently safe technologies currently under development is a system to prevent hydrogen explosion during severe accidents (SAs). This hydrogen explosion prevention system consists of a high-temperature resistant fuel cladding of silicon carbide (SiC), and a passive autocatalytic recombiner (PAR). Replacing the zircaloy (Zry) fuel claddings currently used in LWRs with the SiC fuel cladding decreases the amount of hydrogen generated and thus decreases the risk of hydrogen leakage from the primary containment vessel (PCV) to the reactor building (R/B), including the operation floor. The PAR recombines the leaked hydrogen gas so as to maintain the hydrogen concentration at less than the explosion limit of 4 % in the R/B. The SiC fuel cladding being considered consists of an inner metallic layer, an SiC/SiC composite substrate, and an outer environment barrier coating (EBC). A thin inner metallic layer in combination with the SiC/SiC composite substrate functions as a barrier for fission products release. The EBC is introduced to provide both corrosion resistance in high temperature water environments during normal operation and oxidation resistance in high temperature steam environments during SAs. The advantages of using the SiC fuel cladding in the system were examined through experiments and SA analysis. Results of steam oxidation tests confirmed that SiC had 2 to 3 orders of magnitude lower hydrogen generation rates during oxidation in a high temperature steam environment than Zry. Results of SA analysis showed that the total amount of hydrogen generated from the SiC fuel cladding was reduced to one eightieth or less than that of Zry claddings. Calculation also showed that the lower heat and the lower reaction rate of the oxidation reaction of SiC moderated the hydrogen generation with time. It is expected this moderated generation will lessen the pressure increase in the PCV.
Introduction
A severe accident (SA) occurred at the Fukushima Daiichi Nuclear Power Station, stemming from damage caused by the Great East Japan Earthquake and Tsunami on March 11, 2011 (IAEA, 2011 ; Investigation committee on the accident at the Fukushima Nuclear Power Station of Tokyo Electric Power Company, 2012; U.S.NRC, 2012). After external power was lost due to the earthquake, tsunami hit the site about one hour later and emergency diesel power generators (D/Gs) and direct current (DC) power supply stopped. The site was consequently plunged into a station blackout (SBO) with loss of external power, emergency power and DC power supplies. The SBO resulted in loss of reactor cooling function and eventually serious damage occurred to the cores of units 1-3.
Hydrogen explosions occurred in units 1, 3, and 4 during the SA. Hydrogen was thought to have been generated in the primary containment vessel (PCV) by the chemical reaction between the Zry fuel cladding and steam and by the molten core concrete interaction (MCCI) . Although the PCVs of the BWRs were filled with inert nitrogen gas, it seemed that hydrogen gas leaking from the PCVs caused the explosion in the reactor building (R/B) (Investigation committee on the accident at the Fukushima Nuclear Power Station of Tokyo Electric Power Company, 2012) .
In the aftermath of the Fukushima Daiichi nuclear accident, various lessons were learned we have been developing various safe technologies for BWRs, including a passive water-cooling system, an infinite-time air-cooling system, a hydrogen explosion prevention system, and an operation support system for reactor accidents (Kitou, et al., 2014) .
One of the technologies that we are currently developing is a system to prevent hydrogen explosion during SAs. This system consists of a silicon carbide (SiC) fuel cladding, and a passive autocatalytic recombiner (PAR) . In this work, we examined the advantages of using the SiC fuel cladding in the system through experiments and SA analysis.
Concept of hydrogen explosion prevention system 2.1 Hydrogen explosion prevention system
In the proposed system, hydrogen explosion during SA is prevented by maintaining a hydrogen concentration of less than the explosion limit of 4 % in the reactor building using high-temperature resistant fuel cladding and PAR. A schematic view of the hydrogen explosion prevention system is shown in Fig. 1 . Since the PCV of the BWRs is filled with inert gas of nitrogen in operation, indexes of the hydrogen explosion prevention are focused on countermeasures against hydrogen concentration increase in the R/B, including the operation floor.
The hydrogen generation from fuel rods is reduced by using SiC fuel cladding as a substitute for the Zry fuel claddings currently used in LWRs, seemingly because SiC has a lower hydrogen generation rate and lower reaction heat than Zry. This reduced generation decreases the risk of hydrogen leakage from the PCV to the R/B and the operation floor by suppressing the pressure increase in the PCV. 
SiC fuel cladding
The SiC fuel cladding that we are considering consists of an inner metallic layer, a SiC fiber and SiC matrix composite (SiC/SiC composite) substrate, and an outer environment barrier coating (EBC) as shown in Fig. 1(b) . A thin inner metallic layer combined with a SiC/SiC composite substrate functions as a barrier for fission products (FPs) release. The proposed EBC provides both corrosion resistance in high temperature water environments during normal operation and oxidation resistance in high temperature steam environments during SA.
Materials and Methods
SiC/SiC composite plates formed by liquid phase sintering were used in this study. The plates were coated with 
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New watercooling system Air-cooling system PAR various materials as a candidate EBC or candidate inner layer. Lowering the amount of hydrogen generated by using the SiC fuel cladding was examined through steam oxidation tests and SA analysis. Barrier function of an inner layer was evaluated by measuring helium gas permeance. Details of test methods are described in the respective sections. The total amount of hydrogen generated from fuel rods in the reactor core during the simulated SA was roughly estimated using a simplified model. The properties of the SiC in the steam oxidation reaction obtained by the oxidation test and the complex characteristics of the SiC fuel cladding loaded in the core were included in the calculation. These depend on the geometry of the fuel rods, the decay heat generated in the fuel pellet, and the amount of steam generated during the decay heat removal by latent heat of water and so on.
Lowering of hydrogen generation 4.1 Hydrogen generation rate
To evaluate lowering of the hydrogen generation rate by using SiC cladding, steam oxidation tests were conducted at 1673 K in 100 % steam at a flow rate of 1.1 m/s. Specimens of SiC/SiC composite (40.0 × 13.4 × 1.0 mm 3 ) were coated with chemical vapor deposited SiC (CVD-SiC) or rare-earth silicate of Lu 2 Si 2 O 7 in a layer about 0.1 mm thick as the candidate EBC. The CVD-SiC consisted mostly of -SiC. The rare-earth silicate was coated on the CVD-SiC layer.
The CVD-SiC coated specimens linearly lost weight in 100 % steam at 1673 K as shown in Fig. 2 4 (2)
If the volatilization of Si(OH) 4 is rapid enough to dominate the rate of oxidation of SiC to SiO 2 when water vapor is flowing, there is weight loss. Furthermore, SiC is known to lose weight linearly with time in 100 % steam at steam flow rates around 1.0 m/s (Lee, et al., 2012; Markham, et al., 2013) . Therefore, the weight gain by SiO 2 film formation, w oxide , is presumed to be negligibly small. Thus, the weight difference, w [kg] , is regarded as the same value of weight loss of SiC consumption, w c_SiC .
The weight loss of the rare-earth silicate coated specimens was less than that of the CVD-SiC coated specimens, as shown in Fig. 2 , seemingly because the coat acted as a diffusion barrier to delay the reactions. The weight loss due to only SiC consumption was assumed to be linear with time in the rare-earth silicate coated specimens. Estimated hydrogen generation rates are shown in Fig. 3 . Other plotted SiC data in the figure also showed the linear weight loss with time, the same as the CVD-SiC coated specimens in Fig. 2 . The CVD-SiC coat we used in this work had a hydrogen generation rate comparable to the rates of the other SiC specimens. The SiC including the CVD-SiC showed hydrogen generation rates during oxidation in high temperature steam environments 2 to 3 orders of magnitude lower than Zry, and the rare-earth silicate coat was estimated to have a lower rate than the CVD-SiC coat. 
Amount of hydrogen generation during simulated SA 4.2.1 Hydrogen generation kinetics
In the calculation of the hydrogen generation from SiC fuel cladding, we assumed that the oxidation behavior conformed to the parabolic rule with an activation energy of 53.9 kJ/mol which was evaluated from an experiment using a mixture of 90 vol% H 2 O and 10% O 2 (Opila, 1999) and had the reaction heat of 206 kJ/mol, which was one third the reaction heat of Zry. The thermodynamic parameters used in the SA analysis are listed in Table 1 10 -10 ◆ CVD-SiC coat (present work) ■ Rare-earth silicate coat (present work) △ SiC (Lee, et al., 2012 ) ○ SiC (Markham, et al., 2013 ) ▲ Zry 4 (Lee, et al., 2012) Zrｙ (Baker and Just, 1962) Zrｙ (Cathcart et al., 1977) SiC was estimated to have an oxidation rate 2 to 3 orders of magnitude less than Zry in a 100 % steam environment at 1413 K (Lee et al., 2012) . The two oxidation rate cases we used were one hundredth and one thousandth that of Zry at 1413 K. Thus, the pre-exponential factor of SiC consumption, k p0_SiC in Table 1 , was derived from the assumption that the hydrogen generation w H2_SiC , was due to weight loss by SiC consumption at 1413 K, satisfying the relationship in Eq. (10). The parabolic law correlation models of SiC with one hundredth and one thousandth the oxidation rates of Zry at 1413 K are hereinafter referred to as SiC(1/100) and SiC(1/1000), respectively. Figure 4 shows compares estimated hydrogen generation amounts from the experiment and from the parabolic law correlation at 1673 K. The parabolic law correlation models of SiC cover hydrogen generation estimated from weight loss of CVD-SiC coated and rare earth silicate coated specimens in this study. 
SA analyses
Hydrogen generation behavior from fuel rods was analyzed during simulated SA. The main analysis conditions and assumptions used are summarized in Table 2 . Steam in the reactor pressure vessel (RPV) was released to a suppression pool through safety relief valves as shown in Fig. 5 . Therefore, the steam flowed through the reactor core in the RPV at a pressure of about 8 MPa. The steam was generated by decay heat of fuel below the reactor water level and hydrogen was generated from the fuel cladding above the reactor water level. Thus, the reaction between the fuel cladding and the steam occurred mainly while the reactor water level was located between the top of active fuel (TAF) and bottom of active fuel (BAF). Furthermore, the steam supply changed depending on the reactor water level.
Thermodynamic parameters
Zry SiC Reaction heat,H (kJ/mol) 618 206
Activation energy, Q (kJ/mol) T >1875 K: 188 (Baker and Just, 1962) T≦1850 K: 165 (Cathcart, et al., 1977) 1850 K<T≦1875 K: interpolation 53.9 (Opila, 1999) Pre-exponential factor, k p0 (kg 2 m -4 s -1 )
T >1875 K: 3300 (Baker and Just, 1962) T≦1850 K: 294 (Cathcart, et al., 1977) 1850 K<T≦1875 K: interpolation 1.91×10 -7 (1/100 for Zry)
1.91×10 -9 (1/1000 for Zry) Fig. 4 Comparison of estimated hydrogen generation from the experiment and from the parabolic law correlation at 1673 K Analyzed transitions of reactor core and hydrogen generation from fuels are described in Figs.6 to 8. Figure 6 shows the analyzed transitions of the reactor water level after the RCIC stopped. When the RCIC was assumed to stop 24 h after scram, the water level dropped below TAF 2.25 h after the RCIC stopped and when the RCIC was assumed to stop 72 h after scram, the water level dropped below TAF 2.75 h after the RCIC stopped. The water levels were lowered by 90% of the active fuel length 5h or 6 h after the water level began to be below TAF. Figure 7 shows analyzed transitions of the maximum temperature of fuel cladding and residual fuels after the RCIC stopped. Heat-up of fuel began when the water level reached below TAF in Fig.6 and the temperature of the fuels increased to 2500 K as shown in Figs.7(a) , (c) and (e). The fuel rod was axially divided into 37 nodes and fuel collapse was defined as disappearance of the nodes above the node that reached 2500 K in the analysis. The precious drops of the maximum temperature of fuels are attributed to dividing the fuels into the nodes in the analysis. The fuel collapse occurred when the temperature of fuels reached 2500 K as shown in Figs.7(b), (d) and (f). Figure 8 shows analyzed transitions of hydrogen generation after the RCIC stopped. Hydrogen generation was initiated 3 h or more after the RCIC stopped and the hydrogen generation stopped when the water level decreased below BAF in Fig.6 .
Heat-up, fuel collapse and hydrogen generation are compared in terms of cooling time and cladding materials in Fig. 9 . Decrease of decay heat through long cooling using the RCIC led to delay in the initiation times of the heat-up, the fuel collapse and the hydrogen generation, and extended the duration of the heat-up to 2500 K and the fuel collapse. The decrease of decay heat also leads to slightly increase hydrogen generation because the duration of the fuel collapse and the water level drop extends. On the other hand, replacing Zry fuel claddings with SiC fuel cladding led to a delay in the initiation times of the fuel collapse, extended duration of the heat-up to 2500 K, and especially to a decrease in the total amount of hydrogen generated to one eightieth or less. Lowering of the hydrogen generation rate of SiC through the diffusion barrier coating such as rare earth silicate coating leads to additional lowering of the total amount of hydrogen generated. Furthermore, the extension of the duration of the heat-up to 2500 K and the decrease of the hydrogen generation moderated the hydrogen generation with time. We expected this moderated hydrogen generation would lessen the pressure increase in the PCV.
The ratio of the total amount of hydrogen generation from SiC fuel cladding to that from Zry fuel cladding in Fig. 9(f) is smaller in comparison with the previous report (Ishibashi, et al., 2014 ) because of the difference in the applied hydrogen generation model. The oxidation rate of SiC cladding in this work is defined by the relationship in Eq. (10) at 1413 K the whole time, while the oxidation rate of SiC cladding in the previous report was defined by the relationship in Eq. (10) at 1413 K under the same consumption of Zry cladding. Thus, the oxidation rate of SiC cladding in the previous report was estimated to be higher in comparison with this work because SiC was consumed far less than Zry and the oxidation rate of the little consumed Zry was very high according to the parabolic rule. The hydrogen generation model in this work is considered reasonable and proper since the referred oxidation rates of SiC were evaluated from steam oxidation tests with such lengthy periods that Zry showed decreased oxidation rates for thick oxide film growth. Table 2 Main analysis conditions and assumptions used. Oxidation increasing law Parabolic law without pressure dependency Collapse temperature 2500 K*** * The reactor core isolation cooling (RCIC) system could be operated without any AC power supply and could be used even if the station blackout (SBO) occurred. ** Other heat transfer coefficients like the gap conductance between the fuel and the cladding were assumed to be infinite because they were relatively much larger than those of the fuel surface. *** When cladding temperature reached 2500 K, the nodes above the node reaching 2500 K were assumed to have collapsed and they disappeared from the analysis.
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Barrier function of SiC fuel cladding
To evaluate the barrier function of SiC fuel cladding with an inner metallic layer, we evaluated helium gas permeance at 313 K by a constant-volume manometric method using disc specimens. A disc specimen (evaluation area: 16 mm in diameter) was sealed into one end of a pipe jig with glass or a brazing metal. The schematic illustration of the helium gas permeance measuring apparatus is shown in Fig.10 . The area around the specimen sealed into a pipe jig was filled with pure helium gas under atmospheric pressure, P 1 , and the volume inside the pipe jig and the buffer tank was evacuated with a vacuum pump. After the evacuation, the rate of pressure increase, dP 2 /dt, inside the pipe jig and the buffer tank was measured three times to calculate permeance, P, defined as
where q, S, V, R and T are gas permeation [mol] The helium permeance of coated SiC/SiC composite specimens at 313 K is shown in Fig. 11 . SiC/SiC composite specimens were 1.0 mm thick. The Cu-coated and CVD-SiC-coated SiC/SiC composite specimens showed helium permeance comparable with that of Cu and Zry 2 plates. The dashed lines indicate theoretical curves and they were in inverse proportion to thickness. The thin inner metallic layer combined with the SiC/SiC composite substrate functioned the same as a barrier of Cu and Zircaloy 2 (Zry2) plates. We thought this was because pressure difference in the thin Cu layers was decreased by the SiC/SiC composite substrate. Fig. 11 Helium permeance of coated SiC/SiC composite specimens at 313 K. Dashed lines indicate theoretical curves fitted to experimental data.
Conclusion
We are developing a system to prevent hydrogen explosions during SAs. The proposed hydrogen explosion prevention system consists of a new SiC cladding and PAR.
The advantages of using SiC cladding in the system were examined through experiments and SA analysis. Results of steam oxidation tests confirmed that SiC led to hydrogen generation rates during oxidation in high-temperature steam environments 2 to 3 orders of magnitude lower than the rates fo Zry. SA analyses showed that the total amount of hydrogen generated from fuel was reduced to one eightieth or less. The lower heat and the lower reaction rate of the oxidation reaction of SiC moderated the hydrogen generation with time. We expect this moderated hydrogen generation will lessen the pressure increase in the PCV.
The SiC cladding that we considered consists of an inner metallic layer, a SiC/SiC composite substrate, and an outer EBC. Oxidation test results in 100% steam at 1673 K showed that CVD-SiC and rare-earth silicate coats might have high oxidation resistance as the candidate EBC. Helium permeance measurement results showed that the combination of a thin metallic layer and a SiC/SiC composite substrate could possibly function as a barrier. Earthquake and Tsunami, IAEA mission report, 
